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The thermal and s t r u c t u r a l  performance of a l a rge  panel of LI-1542 
reusable sur face  i n su l a t i on  t i l e s  was determined by a s e r i e s  of c y c l i c  
hea t ing  t e s t s  using rad ian t  lamps and aerothermal t e s t s  i n  t h e  Langley 8-foot 
high-temperature s t r u c t u r e s  tunnel.  Tne t e s t  panel was designed by Lockheed 
Missiles and Space Company t o  represent  a p o r ~ i o n  of t h e  Space Shu t t l e  
Orb i te r  fuselage along a 1100 K isotherm. Aerothermal t e s t s  were conducted 
a t  a free-stream Mach number of 6.6, a t o t a l  temperature of 1830 K,  Reynolds 
6 
numbers of 2.0 and 4.9 X 10 per meter, and dynamic pressures  of 29 and 
65 kPa. The r e s u l t s  s t rong ly  suggest t h a t  pressure grad ien ts  i n  gaps and 
f l w  impingement on t h e  header wal l s  a t  t h e  end of longi tud ina l  gaps a r e  
sources fo r  increased gap heat ing.  Temperatures higher  than sur face  
rad ia t ion  equi l ibr ium temperature were measured deep i n  gaps and a t  t h e  
header wal ls .  Aleo, t he  damage tolerance of t he  LI-1542 tiles appears t o  be  
very high. Cracks i n  t he  t i l e  coat ing and c r a t e r s  from foreign p a r t i c l e  impact 
had no apparent e f f e c t  on t i l e  i n t e g r i t y .  T i l e  edge e ros ion  r a t e  was slaw; 
hawever, hot  gas impingement on the  header wal l s  caueed exceseive e ros ion ,  which 
could not  be t o l e r e t e d  i n  a Shu t t l e  appl ica t ion .  T i l e s  soaked with water  and 
subjected t o  rapid depressur iza t ion  and aerodynamic hea t ing  showed no v i s i b l e  
evidence of damage. 
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by L. Roane Hunt and Herman L. Bohon 
Langley Research Center 
SUMMARY 
The thermal and s t r u c t u r a l  performance of a l a rge  panel of LI-1542 
reusable sur face  i n su l a t i on  t i l e s  was determined by a s e r i e s  of c y c l i c  
hea t ing  t e s t s  using rad ian t  lamps and aerothermal t e s t s  i n  the Langley 8-foot 
high-temperature s t r u c t u r e s  tunnel.  The t e s t  panel was designed by Lockheed 
Missi les  and Space Company t o  represent  a port ion of the  Space S h u t t l e  
. 
Orbiter  fuselage along a 1100 K isotherm. Aerothermal t e s t s  were conducted 
a t  a free-stream Mach number of 6.6, a t o t a l  temperature of 1830 K, Reynolds 
6 
numbers of 2.0 and 4.9 X 10 per meter, and dynamic pressures  of 29 and 
65 kPa. The r e s u l t s  s t rongly  suggest t h a t  pressure grad ien ts  i n  gaps and 
flow impingement on the  header wal l s  a t  the  end of longi tud ina l  gaps a r e  
sources f o r  increased gap heating. Temperatures h igher  than sur face  
rad ia t lon  equi l ibr ium temperature were measured deep i n  gaps and at t he  
header walle. Aleo, the  damage tolerance of t he  LI-1542 t i l e s  appears t o  be 
very high. Cracks i n  t he  t i l e  coat ing and c r a t e r s  from fore ign  p a r t i c l e  
i q a c t  had no apparent e f f e c t  on t i l e  i n t e g r i t y .  T i l e  edge erosion r a t e  was 
slow; however, hot  gas impingement on the  header wal le  cause '  .ceesive 
erosion,  which could no t  be t o l e r a t ed  i n  a S h u t t l e  appl ica t ion .  T i l e s  soaked 
with water and subjected t o  rapid acpressur iza t ion  and aerodynamic hea t ing  
showed no v i s i b l e  evidence of damage. 
INTRODUCTION 
The thermal p ro t ec t i on  system (TPS) of t he  Space S h u t t l e  has been one of 
the key areas  of technological  concern s i n c e  t he  incept ion  of t h e  S h u t t l e  
program (see  r e f .  1 )  and w i l l  remain s o  u n t i l  the  system design can be 
v e r i f i e d  through appropriate  t e s t s .  In support of t h i s  need, a t e s t  program 
was i n i t i a t e d  t o  assess  t he  thermal and s t r u c t u r a l  performance of candidate 
thermal pro tec t ion  systems t o  i d e n t i f y  e f f i c i e n t  design fea tures .  Several  
fu l l - s ca l e  TPS models, including me ta l l i c  and reusable  sur face  i n s u l a t i o n  
(RSI), were obtained from industry f o r  thermal-s t ructural  c y c l i c  tests i n  a  
r e a l i s t i c  aerothermal environment. One of t he  RSI panels is s i m i l a r  t o  t h e  
Shu t t l e  ba se l ine  system and t e s t  r e s u l t s  of t h i s  system a r e  reported here in .  
The t a s t  panel cons i s t s  of r i g id i zed  sur face  i neu l a t i on  t i les (designated 
LI-1542) bonded t o  a  subs t ruc ture .  The panel was designed by Lockheed 
Missi les  and Space Company t o  represent  a  por t ion  of t he  S h u t t l e  Orb i te r  
fuselage along a  1100 K isotherm. The model was subjected t o  s e v e r a l  thermal 
t e s t s  inc lud ing  aerodynamic and rad ian t  heat ing.  Aerodynamic hea t ing  tests 
were conducted i n  t he  Langley 8-foot high-temperature s t r u c t u r e s  tunnel  a t  a  
free-stream Mach number of 6 .6 ,  a  t o t a l  temperature of 1830 K ,  Reynolds 
6 
numbers of 2.0 and 4.9 X 10 per meter, and dynamic pressures  of 29.0 and 
65.0 kPa. The r ad i an t  hea t ing  tests were performed between aerodynamic 
hea t ing  tests a t  atmospheric pressure using r ad i an t  lamps t o  s imulate  t h e  
thermal load of t he  e n t i r e  Shu t t l e  reen t ry .  Preliminary t e s t  r e s u l t s  on gap 
heat ing,  flow impingement, and t i l e  damage to le rance  a r e  reported here in .  \~ I, 
Although physical  q u a n t i t i e s  were measured i n  U.S. Customary Units ,  
they a r e  presented i n  t h i s  paper i n  t he  In t e rna t iona l  System of Units (S I ) .  
Factors r e l a t i n g  t he  t w  - systems a r e  given i n  reference 2 and i n  t he  
appendix. 
p ressure ,  Pa 
temperature,  K 
time, s 
model coordinates  ( see  f i gu re  6 ) ,  m 
d i f f e r e n t i a l  pressure load on t e s t  panel ,  Pa 
APPARATUS AND TESTS 
Panel Descr ipt ion 
The TPS panel cons i s t s  of an a r ray  of RSI t i les bonded t o  s t r i n g e r  
s t i f f e n e d  beryllium subpanels mounted on a t i t an ium frame ( r e f .  3). The 
model shobr, i n  f i gu re  1 is  108 X 152 X 12.7 cm. The primary t e s t  
a r t i c l e  cons i s t s  of 8 t i l e s  on two subpanels. Top and bottom viewe 
of a beryl l ium subpanel a r e  shown i n  f i gu re  2. The subpanels are bo l t ed  
on the  t i tanium frame shown i n  f i gu re  3. The frame i n  f i gu re  3(a) is 
covered by .64 c m  t i t an ium p l a t e  around t h e  a r ea  reserved f o r  t he  two eub- 
panels. These p l a t e s  se rve  as a bonding su r f ace  f o r  t h e  per iphera l  t i les. 
An aluminum base p l a t e  (.8 mm thicknees)  w e e  at tached d i r e c t l y  t o  t h e  bottom 
of t h e  frame t o  absorb t h e  i n t e r n a l  r ad i a t i on  of t he  test panel. The 
completed m e t a l l i c  s t r u c t u r e  wi th  an i n i t i a l  l a y e r  of s i l i c a  rubber  bond 
(EYTV-560) is shown i n  f i g u r e  4 ( a ) .  A p o r t i o n  of t h e  pane l  w i t h  t h e  t i l e s  i n  
p l a c e  bu t  n o t  bonded is shown i n  f i g u r e  4 (b) .  
The RSI t i l e s  (designated LI-1542)are 29.11 X 29.11 X 3.18 cm and c o n s i s t  
of r i g i d i z e d  s i l i c a  f i b e r s  (des igna ted  LI-1500) w i t h  a  .25 mm s i l i c a  c a r b i d e  
c o a t i n g  (des ignated 0042). A schemat ic  of t h e  t i l e s  and j o i n t s  is shown i n  
f i g u r e  5. The l o c a t i o n s  of t h e  panel  c ross - sec t ions  a r e  i n d i c a t e d  i n  t h e  plan 
view i n  t h e  upper por t ion  of t h e  f i g u r e .  The d e t a i l s  shown a r e  f o r  t h e  
border  j o i n t s  around t h e  subpanels ,  t h e  i n t e r i o r  panel  gape, and t h e  common 
panel  j c i n t  between the  subpanels .  (Note t h e  o f f s e t s  i n  t h e  t i l e  alignment t o  
i n t e r r u p t  flow i n  the  l o n g i t u d i n a l  gaps.) The t i l e  edges a r e  undercut ( o r  
notched) 1 . 2 7  cm t o  a he igh t  of one-half t h e  t i l e  th ickness  ( o r  1.59 cm) on 
a l l  f o u r  s ides .  The s u r f a c e  gaps between t i l e s  a r e  1 .0  mm wide and t h e  r i l e s  
are coated on t h e  s i d e s  down t o  t h e  notch.  The notch is  f i l l e d  wi th  a 
3  
thermal s e a l ,  a  s o f t  s i l i c a  f i b r o u s  m a t e r i a l  of 96 kg/m d e n s i t y  designed t o  
prevent  hot  gas flow from p e n e t r a t i n g  t h e  bond and s u b s t r u c t u r e .  The top  of 
t h e  thermal sea1.s was coated wi th  t h e  0042 coat ing.  
Panel I n s t  rumentation 
The panel is  ins t r rmented  wi th  65 thermocouples; 1 8  through t h e  t i l e  
t h i c k n e s s ,  27  i n  t h e  t i l e  gaps, and 20 at var ioue l o c a t i o n e  on t h e  sub- 
s t r u c t u r e .  The l o c a t i o n s  of t h e s e  thermocouplee a r e  i n d i c a t e d  by f i g u r e  6  
and i n  t a b l e  I. In f i g u r e  6 ,  t h e  plan view of t h e  oane l  i s  shown w i t h  
d e t a i l s  of t h e  f r o n t  and r e a r  eubpanels i n d i c a t e d .  The s p e c i f i c  l o c a t i o n e  o f  
thermocouples a r e  given i n  t a b l e  I by t h e  c a r t e s i a n  coordinateo and an 
alphantuoeric eyetern i e  used t o  i d e n t i f y  l o n g i t u d i n a l  and l a t e r a l  rowe. 
The longi tudina l  rows are  jogged t o  follow the subpanei o f f s e t  of 2.5 p.m. 
The ind iv idua l  RSI t i l e s  a r e  i d e n t i f i e d  by Roman numerals and the  d i s t r i b u t i o n  
of t he  thermocouples i n  the t i l e s  and t i l e  gaps a r e  ind ica ted  by the  s o l i d  
symbols i n  the plan view. Typical. in-depth thermocouples a r e  shown i n  the 
t i l e ,  the gaps, and on the subs t ruc ture  i n  sec t ions  AA and BS a t  t he  bottom 
of f igure 6.  
Panel Holder 
The panel holder i s  a rectangulsr  e lab  with a half-wedge sharp leading 
edge. Flow t r i p e  a t  the leading edge a re  used t o  ensure an even turbulent  
boundary l aye r  over t he  e n t i r e  sur face ,  and s i d e  p l a t e s  a r e  used t o  el iminate  
cross-flow. Flow conditions over t he  sur face  of the  panel hoider  a r e  
described i n  d e t a i l  i n  referencc 4. The panel holder  with the  panel 
i n s t a l l e d  is s h a m  i n  f igure  7 a t  a t yp ica l  t e s t  pos i t ion ,  pitched a t  15' t o  
the  tunnel center l ine .  The top sur face  ~f t he  t e s t  panel i e  e e t  f lush  with 
the  sur face  of t h e  panel holder ,  and the  panel is eupported krom the  bottom 
with longi tudina l  s t r u c t u r a l  beam. The preeeure i n  a cavi ty  beneath the  t e s t  
panel is control led t o  provide d i f f e r e n t i a l  prees:xe loading acroee the 
panel. 
Faci li ty  
The t e s t s  were conducted i n  the Langley 8-foot high-temperature 
"'structures tunnel (HTST) which is shown schematically i n  f i gu re  8. This 
f a c i l i t y  is  a hypersonic blmQk:?own wind tunnel  which uees t he  combustion 
producte oi methane and a i r  as t he  t e s t  medium and operatee a t  a nominal 
1 
Mach number of 7,  a t  t o t a l  pressures  between 3.4 and 24.1 MPa, and at 
nominal t o t a l  temperature8 between 1400 K and 2000 K. C~rreeponding free- 
6 6 
etreas,  u n i t  Reynolds numbers are between 1 X 10 and 10 X 10 per  meter. 
5 
These cond i t ions  s i m u l a t e  t h e  aerothermal  f l i g h t  environment a t  Mach 7 i n  t h e  
a l t i t u d e  range between 25 and 40 km. More d e t a i l e d  i ~ f o r m a t i o n  can be found 
i n  r e f e r e n c e  4. A r a d i a n t  h e a t e r  is a v a i l a b l e  i n  t h e  f a c i l i t y  t o  p rehea t  
t h e  panel  p r i o r  t o  i n s e r t i o n  i n t o  t h e  stream. 
T e s t s  and Tes t  Procedures 
I n  t h e  normal mode of wind-tunnel o p e r a t i o n ,  t h e  model i s  k e p t  ou t  of t h e  
s t ream u n t i l  hypersonic  flow condi t ions  a r e  e s t a b l i s h e d .  The model is then 
i n s e r t e d  r a p i d l y  i n t o  t h e  s t ream on an e l e v a t o r  and programed through a 
sequence of even t s  p resc r ibed  by t e s t  requirements.  ?be model i o  withdrawn 
from t h e  s t ream b e f o r e  tunne l  shutdown. 
To e v a l u a t e  TPS concepts ,  an a t tempt  is made t o  s i m u l a t e  a genera l i zzd  
temperature  h i s t o r y  aseociatr-d wi th  t h e  S h u t t l e  r e e n t r y  t r a j e c t o r y .  The 
r e e n t r y  t i m e  is too  long t o  be s imulated i n  t h e  r e l a t i v e l y  s h o r t  test t i m e  
of t h e  &foo t  HTST; t h e r e f o r e ,  t h e  radiant-heat  appara tus  is used i n  
sequence wi th  t h e  wind tunne l  t o  extend t h e  thermal cyc le .  The r a d i a n t  
h e a t e r s  a r e  shown i n  t h e  croes-sect ion of t h e  t e s t  zhamber i n  f i g u r e  9. The 
c e n t e r  s k e t c h  shows t h e  tunne l  nozz le  e x i t ,  t e s t  chamber, and r a d i a n t  
h e a t e r s .  The i n s e t s  show (1) t h e  model i n  t h e  wind-tunnel t e s t  p o s i t i o n ,  
(2 )  t h e  model lowered from t h e  t e s t  p o s i t i o n  and t h e  r a d i a n t  h e a t e r s  
r e t r a c t e d ,  and (3) t h e  model covered wi th  t h e  r a d i a n t  h e a t e r s .  
Typ ica l  e u r f a c e  temperature h i s t o r i e s  f o r  t h e  t h r e e  test modes a r e  
p resec ted  i n  f i g u r e  10. The e t e p s  which c o n s t i t u t e  a p a r t i c u l a r  mode a r e  
a l s o  de f ined  i n  t h e  f igure .  I n  test mode I ,  thermal load  is provided by 
r a d i a n t  h e a t e r s .  The temperature  h i s t o r y  o f  f i g u r e  10(a)  is r e p r e e e n t a t i v e  
of an e n t i r e  S h u t t l e  r e e n t r y  thermal c y c l e .  Th i s  c y c l e  is c h a r a c t e r i z e d  by a 
l i n e a r  ramp-up of temperature  i n  about 400 5 ;  e t c z p e r a t u r e  hold  a t  about 
1100 K f o r  a nominal t i L e  of 1500 s ,  and a c o n t r o l l e d  cool-down u n t i l  
n a t u r a l  coo l ing  becomes dominate. I n  t e s t  mode 11, thermal load ing  is  
aerodynamically provided by t h e  t u n n e l  s t ream.  The panel  is i n s e r t e d  i n t o  
t h e  s t r e a m  a t  ambient temperature .  The s u r f a c e  temperature rises r a p i d l y ,  
approaches a s t e a d y - s t a t e  l e v e l  w i t h i n  t h e  t e s t  d u r a t i o n  of about 30 s ,  and 
dec reases  n a t u r a l l y  a f t e r  panel  r e t r a c t i o n  from the  .,tream. Mode I11 i s  a 
combination of mode I and mode 1 1 .  The nominal hold  t ime i s  700 s 
and t h e  tunne l  s t r eam exposure time is 40 s. I n  t h i s  t e s t  mode, c l o s e  
coord ina t ion  is requ i red  t o  remove h e a t e r s  and then i n s e r t  t h e  model i n t o  
t h e  test s t ream t o  minimize hea t  l o s s  between h e a t i n g  pe r iods .  
The t e s t  pane l  was exposed t o  a t o t a l  of 23 thermal c y c l e s :  11 i n  mode I, 
6 i n  mode 11, and 6 i n  mode 111. The sequence of t e s t s  and t e s t  c o n d i t i o n s  
a r e  l i s t e d  i n  t a b l e  11. For t h e  r a d i a n t  h e a t i n g  p o r t i o n s  of  t h e  t e s t s ,  t h e  
e lapsed  t ime d u r i n g  ramp-up and hold  a t  c o n s t a n t  s u r f a c e  temperature  a r e  
t a b u l a t e d .  For t h e  major i ty  of aerodynamic h e a t i n g  t e s t s ,  t h e  t o t a l  
temperature  was nominally 1830 K and t h e  Reynolds number p z r  metes w a s  
6 4.9 X 1 0  . Nominal test cond i t ions  on t h e  pane l  s u r f a c e  a t  a 15' p i t c h  
angle  were a p r e s s u r e  of 15.2 kPa and a dynamic p r e s s u r e  of  171 kPa. 
Addi t iona l  t e e t s  were a l s o  made a t  z e r o  a n g l e  o f  a t t a c k  w i t h  lower s u r f a c e  
s t a t i c  and dynamic p ressures .  The c a v f t y  beneath t h e  pane l  was, i n  some 
teets ,  vented t o  t h e  low p r e s s u r e  a t  t h e  base  o f  t h e  panel  h o l d e r  which 
developed a c o l l a p s e  p r e s s u r e  (inward a c t i n g  p r e s s u r e )  over  t h e  pane l  
g r e a t e r  than  7 kPa. I n  o t h e r  teets ,  t h e  c a v i t y  vas s e a l e d  from t h e  base  
area  and the co l lapse  pressure was reduced t o  . 7  kPa, Tota l  t e s t  t i n e  i n  
the aerodynamic stream is shown f o r  each t e s t .  
RESULTS AND DISCUSSION 
Thermal Reeponse 
All temperature da t a  a t  a s p e c i f i c  reference time a re  presented i n  
t ab l e s  111, I V ,  and V. Temperature da t a  a r e  shown a t  1100 seconds i n t o  the  
thermal cycle f o r  radiant  heat t e s t s  only ( t ab l e  111, mode I )  and f o r  aero- 
dynamic heat ing t e s t s  j u s t  p r i o r  t o  model i n s e r t i o n  ( t a b l e  I V ,  mode 111). 
The temperature da t a  a r e  arov??d f o r  ease of comparison; t a b l e  I I I ( o )  and 
IV(a) l i s t  temperatures through the  t i le  thickness ,  t ab les  I I I ( b )  and IV(b) 
l i s t  temperature0 i n  the t i l e  gaps a t  1.59 cm, and tab les  I I I ( c )  and IV(c) v 
l i s t  temperaturee on th6euppor t  s t ruc tu re .  Table V s h w s  temperature da t a  
f o r  a l l  aerodynamic heat ing t e s t s  a f t e r  30 seconds i n  the stream f o r  
mode I1 and 40 eecondo i n  the stream f o r  mode 111. It should be noted t h a t  
most of the  temperatures tabulated a r e  t r a n s i e n t ;  hcwever, the su r f ace  
temperatures a r e  near s teady-o t a t e ,  
Typical thermal reaponre a t  four  t i l e  loca t ions  is shown i n  f i gu re  l l ( a )  
f o r  a mode I1 teet (test 5 )  and i n  f i gu re  l l ( b )  f o r  the aerodynamic phase of 
a mode I11 t e s t  ( t e s t  8). These locat ione,  ind ica ted  by the  i n s e t ,  include 
the  t i le  sur face ,  a longi tudina l  border gap, and longi tudina l  and l a t e r a l  
i n t e r i o r  gape. 
The thermal resporue of the  border gap and the  t i l e  sur face  is more 
rapid than t h a t  of the  i n t e r i o r  gape as ind ica ted  i n  f i gu re  l l ( a ) ,  The 
nwdmum temperature of the  border gap exceeds t h a t  of t he  ourface. The 
thermal  response  of t h e  l o n g i t u d i n a l  border  gap was expected t o  be  s i m i l a r  t o  
t h a t  of t h e  l o n g i t u d i n a l  i n t e r i o r  gap; however, t h i s  d i f f e r e n c e  i d  a t t r i b u t e d  
t o  hot  gas leakage through t h e  thermal  s e a l  a long t h e  b o r d e r  gaps ( s e e  
f i g u r e  5 )  and w i l l  be d i scussed  i n  d e t a i l  i n  a  l a t e r  sect i r . - -  
The temperature  h i s t o r y  shown i n  f i g u r e  l l ( b )  inc.cudes :i poaS . ion  of 
r a d i a n t  h e a t i n g  f o r  o r i e n t a t i o n .  The tunne l  w a s  s t a r t e d  while t h e  lamps v e r e  
on. During t u n n e l  s t a r t ,  t h e  l o c a l  s t a t i c  p r e s s u r e  is  reduced from 
atmospher ic  p r e s s u r e  of 100 kPa t o  1 . 5  kPa i n  about 5  seconds ,  and t h e  coo l  
ambient a i r  i n  t h e  c a v i t y  bendath t h e  panel  escapes  through t h e  thermal  s e a l s  
a long  t h e  border  gaps ae r e f l e c t e d  by t h e  eharp  reduc t ion  i n  b o r d e r  gap 
temperature .  The correeponding i n t e r i o r  gap temperatures  dropped s l i g h t l y  and f 
t h e  pane l  s u r f a c e  temperaturc  remain unchanged dur ing  t h i s  r educ t ion  i n  s t a t i c  
> 
p r e s s u r e .  A f t e r  model i n s e r t i o n ,  t h e  s u r f a c e  temperature  q u i c k l y  reaches  
s t e a d y - s t a t e ,  o r  r a d i a t i o n  e q u i l i b r i u m ,  ano t h e  border  gap temperature  ( a s  
noted i n  f i g u r e  l l ( a ) )  again  exceeds t h e  t i l e  s u r f a c e  temperature.  
The gap temperatures  ( s o l i d  symbols) and t i l e  temperaturee  at  a depth  o f  
1.27 cm ( s q u a w  symbols) f o r  test 8 a r e  d ieplayed on p l a n  views of  t h e  t r l e  
a r r a y  i n  f i g u r e  12. These temperatures  a r e  l i s t e d  i n  t a b l e s  I V  and V. For  
comparison, t h e  temperaturee  recorded a t  t - 1100 eeconde i n t o  t h e  r a d i a n t  
h e a t i n g  phase a r e  p resen ted  i n  f i g u r e  12(a)  and corresponding temperatures  
recorded a t  t = 1215 seconds ( see  tine r c a l e  of f i g u r e  l l ( b ) )  a r e  p resen ted  
i n  f i g u r e  12(b).  Genera l ly ,  t h e  ',emperatures e h m  i n  f i g u r e  1 2 ( d  a r e  
r e l a t i v e l y  uniform at about 800 K M compared t o  n e u r f a c e  temperature  of  
a p p r x i m a t e l y  1100 K ( t a h l e  I V ) .  Aa i n d i c a t e d  i n  f i g u r e  12(b), t h e  
temperature  changed r a d i c a l l y  d u r i n g  t h e  aerodynamic h e a t i n g  p h u e .  
Temperatures near  1400 K were recorded a long t h e  l o n g i t u d i n a l  border  gaps 
(rows 1 and 5);  however, temperatures of t h e  i n t e r i o r  gape (both  l o n g i t u d i n a l  
end l a t e r a l )  were g e n e r a l l y  around 900 K t o  1000 K. The high temperatures a t  
t h e  "header" reg ion  - t h a t  i s ,  t h e  forward-facing w a l l  a t  t h e  end of 
l o n g i t u d i n a l  gap ( f o r  i n s t a n c e ,  t h e  i n t e r e e c t i o n s  cf rows A3,  E3,  and 13) - 
were about 1350 K. The gap temperatures  of the  header region were expected 
t o  be h igher  than the  o t h e r  gap temperatures because t h e  header  region se rved  
h~ a s t a g n a t i o n  s u r f a c e  f u r  l o n g i t u d i n a l  gap flow. The , a t e r a 1  gap 
temperatures ad jacen t  t o  t h e  headers  i n  rws A ,  E ,  and I a r e  100 K t o  200 X 
l e s e  than t h e  header temperatures ,  but  a r e  genera l ly  g r e a t e r  than t h e  i n t e r i o r  
gap temperatures.  
E f f e c t 8  of D i f f e r e n t i a l  P ressure  
The l o n g i t u d i n a l  border  and sabpanel  gap temperatures  were considerably  
h igher  than expected and suggeat increaaed gap flow due t o  leakage through 
t h e  thermal s e a l s  which permi t t ed  ho t  gaa flowthrough t o  t h e  e u b s t r u c t n r e .  
'he border  gap temperature  d i e t r i b u t i o n  a long m v  5 i r r  shown i n  f '  i 3  f o r  
two d i f f e r e n t i a l  p reesure  loadinge,  bp - 7.6 kPa ( t c e t  8) and Ap 
( t e e t  22). The d i f f e r e n c e  i n  t h e  t e n p a r a t u r e  l c v e l a  is  ixd ica t i -a  of 
increaaed kap flow as a r e s u l t  o f  s e a l  leakage.  R e d u c i r . ~  t h e  d i  f  d e r e n t i a l  
p ressure  r e s u l t e d  i n  a 100 K t o  300 K r educ t ion  i n  border  gap temperaturea . 
The s u b s t r u c t u r e  temperature at  ES wss 500 K dur ing  run 8 (Ap - 7.6 kPa) b u t  
only 300 K dur ing  test 22 i?p - . 7  kP8). Coruequently , h o t  gas war  al:pr?m~tLy 
11dring t o  t h e  r u b o t r u c t u r s  at  E5 where lateral and l o n g i t u d i n a l  border  aeais 
meet. The e f f e c t 8  of flow leakage a long t h e  l o n g i t u d i n a l  border  gaps on \ 
l a t e r a l  gap temperatures are ahawn i n  f i g u r e  14 whore temperaturea along 
row E are p l o t t e d  f o r  t e a t s  8 and 22. The h a r d e r  temperature  a t  y = 0 is 
unaf fec ted  by Cp. However, t h e  ad jacen t  temperatures ,  about 1 5  cm on each 
s i d e ,  s t c v  200 K t o  300 K reduct ions  when Cp is reduced. Note t h e  
d i f f e r e n c e  i n  t h e  s u b e t r u c t u r e  temperatures  i n d i c a t e s  flawthrough a t  bo th  
corners  E l  and E5. These d a t a  s t r o n g l y  suggest  t h a t  gas leakage a t  t h e  
corners  causes gap flow t r a n s v e r s e  t o  t h e  s t ream d i r e c t i o n .  The i n f l u e n c e  
of t r a n s v e r s e  flow on gap temperature is dependent on the  energy of flow i n  
t h e  l o n g i t u d i n a l  gap approachi. t h e  header ,  which is c h a r a c t e r i z e d  by t h e  
temperature and p ressure  a t  t h e  header region.  
The i n t e r i o r  panel  l a t e r a l  gap temperatures i n  row C a r e  s h a m  i n  
f i g u r e  15 f o r  t e s t s  8 and 22. Here, t h e  e f f e c t  of p r e s s u r e  g r a d i e n t  is seen  
t o  be ernall due p r imar i ly  t o  t h e  absecce of an o f f s e t  ( o r  header)  i n  t h e  
l o n g i t u d i n a l  gap a t  t h e  c e n t e r  of t h e  s u b ~ r i n e l  
A f t e r  completion of a l l  t h e  t e s t s ,  t h e  panel w a s  disaesembled t o  exornine 
t h e  regions  where hot  gas flowed through t h e  thermal e e a l s .  The t i l e  a r r a y  
wi th  t h e  f o w a r d  subpanel removed is  shown i n  f i g u r e  16. Much of t h e  
f i b r o u s  thermel s e a l  worr damaged dur ing  disamembly.  The deep r e a l  i n  t h e  
l a t e r a l  gap (row E) docs no t  extend t o  t h e  corner  ( € 5 )  where high rub- 
s t r u c t u r e  temperatures were noted i n  f i g u r e  14. Evidence of h o t  gur flow i n  
t h i s  region inc ludes  an appearance of scrubbing a c t i o n  on t h e  thermal seal 
and d i s c o l o r a t i o n  of t h e  s u b s t r u c t u r e  c a w e d  by out-gasr ing o f  t h e  RTV bond 
m a t e r i a l .  
r i l e  Dunage Tolerance 
h i r i n g  t h e  t e a t  s e r i e s ,  t h e  tiles i n c u r r e d  c o n r i d e r a b l e  r u r f a c c  damage. 
I n  s p i t e  of a l l  :he s u r f a c e  damage, t h e  art87 stil l  provided good t h e r n u l  
performance and appears t o  have adequac- s t r u c t u r a l  i n t e g r i t y .  The o v e r a l l  
appearance of t h e  t i l e  s u r f a c e  a t  t h e  conclusion of t h e  tests is s h m  by t h e  
pLotograph i n  f i g u r e  17. Because of t h e  s e v e r i t y  o f  t h e  t e s t  cond i t ions ,  
subsequent tests fol lowing t h e  event  of s u r f a c e  damage provides  some i n s i g h t  
i n t o  t h e  damage t o l e r a n c e  of t h e  LI-1542 m a t e r i a l .  
T i l e  p r o t e c t i v e  coa t ing  damage. - The coa t ing  is Intended t o  p r o t e c t  t h e  t i l e  
from wate r  i n g r e s s  and t o  prevent s h e a r  e ros ion  of t h e  b a s i c  s i l i c a  t i le .  
Although i n v i s i b l e  t o  :he naked eye ,  cracks  were found i n  t h e  c o a t i n g  b e f o r e  
t e s t  4, a s  i n d i c a t e d  i n  f i g u r e  18(a )  where t h e  crack p a t t e r n  i s  t r a c e d  on a 
t ransparency.  During t e s t  4 ,  tunnel  flame-out occurred a f t e r  6.2 seconds i n  
t h e  s t ream (see  t a b l e  11) ; consequently,  t h e  ho t  ~ i l e s  w e ~ e  exposed t o  
extremely cold  f l w .  A photograph of a t y p i c a l  t i l e  crack p a t t e r n  a f t e r  
test 4 i s  shown i n  f i g u r e  1 8 ( b ) .  The t i l e  is wet ted by a v o l a t i l e  s o l v e n t  
t o  expose t h e  h a i r l i n e  cracks .  A l l  of t h e  tiles were crazed as shown i n  
f i g u r e  18(b)  a f t e r  run 4 ,  b u t  d i d  n o t  seem t o  worsen wi th  repeated t e s t s .  
There was no f l a k i n g  of t h e  RSI which sugges t s  t h e  cracks  d i d  n o t  p e n e t r a t e  
t h e  b a s i c  s i l i c a  t i l e .  
E f f e c t s  of wa te r  soak. - Since t h e  coa t ing  c razed  and consequently could 
allow water  i n g r e s s ,  tiles V I  and V I I I  were soaked w i t h  w a t e r  f o r  test 23 t o  
determine i ts e f f e c t  on t i l e  i n t e g r i t y  dur ing  r a p i d  change i n  p r e s s u r e  and 
! 
temperature.  The s t a t i c  p ressure  and temperature h i s t o r i e s  f o r  t i l e  VIII a r e  
shown i n  f i d u r e  19. The d e p r e s s u r i z a t i o n  from 100 kPa t o  1 .5  kPa cccure  
l. 
during tunne l  s t a r t u p  and is followed by a p r e s s u r e  i n c r e a s e  a s  t h e  model \ %  
is i n s e r t e d  i n t o  t h c  stream. For comparison, t h e  S h u t t l e  a s c e n t  depressur i -  
z a t i o n  rate is shown by t h e  dashed curve. The s u r f a c e  temperature  h i s t o r i e s  ! 
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of the  soaked t i l e  and an adjacent t i l e  ( t i l e  V) with no water a r e  shown on 
the  r i g h t  of t h e  f igure .  The temperature of the soaked t i l e  leveled o f f  a t  
the  b o i l i n g  point  of water a t  the l o c a l  s t a t i c  pressure.  Xowever, i t  is  
poss ib le  t h a t  t he  thermocouple i n  the  soaked t i l e  was shorted by t h e  water ;  
consequently, t h e  sur face  temperature may have been g rea t e r  than t h a t  shown. 
Nevertheless,  an excessive amount of water was absorbed i n  t he  t i l e  and t h e  
depressurizat ion r a t e  experienced by the  t i l e  was extreme without any 
evidence of damage t o  the t i l e  sur face .  
Foreign p a r t i c l e  impact. - During the  wind tunnel tests, the  model was 
bombarded with fore ign  p a r t i c l e s  inadver ten t ly  produced by f l ak ing  of t h e  
thermal coat ing of t h e  combustor l i n e r  of the  8-foot HTST. Impact of t he se  
minute p a r t i c l e s  caused extensive c r a t e r  damage t o  the t i l e s .  A s e r i e s  of 
photos is shown i n  f i gu re  20 t o  i l l u s t r a t e  the progression of sur face  damage. 
The photos were taken of the  same t i l e  a f t e r  t e s t  8 ,  12, and 23. The l a r g e  
c r a t e r  ( see  l a r g e  arrow), which appeared a f t e r  test 8 ,  was f i e l d  repa i red  
with a mixture of  t he  coat inn mater ia l ,  and no f u r t h e r  erosion was 
experienced. A smal le r  c r u t e r  ( see  small arrow), which a l so  appeared a f t e r  
run 8,  W ~ F J  no t  repa i red  and showed no evidence of e ros ion  f o r  t h e  remainder 
of t he  tests. Thus, p a r t i c l e  impact which cawed  c r a t e r s  i n  t h e  RSI t i les 
had no d i sce rn ib l e  e f f e c t  on the  t i l e  i n t e g r i t y .  
Edge erosion. - The t i l e  assembly had forward-facing s t e p s  a t  two locat ione;  
each of which experienced erosion along t h e  t i l e  edges. The progression of 
edge erosion of a .6 m s t o p  and a .4 ram s t e p  is shown i n  f igures  21 and 
22,  respect ively.  The propagation of t he  edge e ros ion  wae probably enhanced 
by foreign p a r t i c l e  impact, however, the  erosion r a t e  was slow and exposure 
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of  t h e  b a r e  s i l i c a  t o  t h e  stream d i d  n o t  r e s u l t  i n  c a t a s t r o p h i c  f a i l u r e .  
Observation of movie f i l m  i n d i c a t e d  t h e  eroded edges became l o c a l  h o t  s p o t s  
because of t h e  reduced va lue  of e m i s s i v i t y  i n  t h e  absence of coa t ing .  
Flow impingement. - A t  l e a s t  one type o f  damage which cannot be  t o l e r a t e d  
dur ing a r e e n t r y  is t h a t  due t o  h o t  gas impingement i n  t h e  header region.  
As noted e a r l i e r ,  temperature  a t  t h e  bottom of t h e  gaps i n  t h e  header  reg ion  
measured about 1350 K. The r e s u l t i n g  damage is  shown i n  f i g u r e  23 where t h e  
forward-facing wall a t  t h e  i n t e r s e c t i o n  of rows E 3  has been eroded about 
1 cm i n t o  t h e  s i l i c a .  The temperature i n  t h i ~  region must have been n e a r  t h e  
mel t ing  temperature of t h e  s i l i c a .  Th i s  e r o s i o n  and s i m i l a r  onee a t  o t h ~ r  
header  r e g i o n s a r e s i g n i f i c a n t  i n  t h e  f a c t  t h a t  t h e  s u r f a c e  temperature of t h e  
t i l e s  was only 1100 K .  Consequently, a long t h e  bottom c e n t e r l i n e  of t h e  
O r b i t e r  where s t r f a c e  temperatures a r e  around 1600 K ,  impingement of gap 
flow on a forward-facing w a l l  could be c a t a s t r o p h i c .  
CONCLUDING EMARKS 
A l a r g e  pane l  of LI-1542 RSI t i l e s  was s u b j e c t e d  t o  a series of c y c l i c  
h e a t i n g  tests w i n g  r a d i a n t  lamps and a e r o t h e r m ~  tests i n  t h e  &foo t  high- 
temperature  s t r u c t u r e s  tunne l  t o  assess t h e i r  thermal and s t r u c t u r a l  
performance. The r e s u l t s  s t r o n g l y  suggest  t h a t  p r e s s u r e  g r a d i e n t s  i n  gaps 
and flow impingement on t h e  header w a l l s  a t  t h e  end of l o n g i t u d i n a l  gaps a r e  
eources  f o r  inc reased  gap hea t ing .  Temperatures h igher  than  t h e  s u r f a c e  
r a d i a t i o n  equ i l ib r ium temperature were measured deep i n  gape and a t  header  
w a l l s .  Also, t h e  damage t o l e r a n c e  of LI-1542 RSI appears  t o  be very high.  
The s i l i c a  ca rb ide  c o a t i n g  became crazed e a r l y  i n  t h e  t e s t  program, bu t  had 
no apparent  e f f e c t  on t i l e  i n t e g r i t y .  Impact of f o r ~ i g n  p a r t i c l e s  i n  t h e  
s t ream caused c r a t e r s  i n  t h e  t i les,  b u t  f i e l d  r e p a i r s  s u c c e s s f u l l y  r e t a r d e d  
e r o s i o n  of t h e  impacted area .  T i l e  edge e r o s i o n  r a t e  was slow and exposure 
of t h e  b a r e  s i l i c a  t o  t h e  s t ream d i d  n o t  r e s u l t  i n  c a t a s t r o p h i c  f a i l u r e .  
However, hot  gas impingement on t h e  header  w a l l s  caused excess ive  e r o s i o n ,  
which could no t  be t o l e r a t e d  i n  a S h u t t l e  a p p l i c a t i o n .  T i l e s  soaked w i t h  
wa te r  and sub jec ted  t o  rapid  d e p r e s s u r i z a t i o n  and aerodynamic h e a t i n g  showed 
no v i s i b l e  evidence of damage. 
APPENDIX 
CONVERSION OF U.S. CUSTOMARY UNITS TO SI  UNITS 
Factors required f o r  converting U.S. Customary Units t o  the  In t e rna t iona l  
System of Units (SI) a r e  given i n  the  following t ab l e :  
*Multiply value i n  U.S. Customary Unit by conversion f a c t o r  t o  ob ta in  
equivalent  \ a lue  i n  S I  Unit . 
Pref ixes  t o  i nd i ca t e  mult iples  of un i t e  a re  as fol love:  
Physical  quant i ty  
Dene i t y  
Length 
Pressure 
Temperature 
U.S. Customary 
Unit 
pcf 
i n .  
ft: 
per  f t  
P s i  
R 
k i l o  (k) 
c e n t i  (c) 
a d l l i  (m) 
Conversion 
f a c t o r  
(*) 
16.01846 
0.0254 
0.3048 
3.28083 
6894.757 
519 
10'~ 
10- 
S1 Unit 
kilogramlmeter3 (kglm3) 
meter (m) 
meter (m) 
- 1 per  meter (m ) 
pasca l  (Pa) 
ke lv in  (K) 
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TABLE: I.- THERMOCOUPLE LOCATIONS 
( a )  RSI tile 
-- 
Thermocouple Tile no. x,  cn Y, cm 
No. 
.--- 
2 = 0 (surface) 
- 
- -pp 
- T8 I 32.4 -10.8 
-ki--- T10 I11 32.4 13.3 
T21 IV 61.8 15-9 1 0 4  T28 - V F2 Igo.8 -- - .  
T30 VI I F4 13.3 
T39 VI H2 - 3 
, T41 - VIIS .- -1. ~4 120. r 10.8-- - 
T 5 I 332 3 2 . 4  
T11 I11 B 4 32.4 15 9 - 
T36 - VI - H2 120.0 -15 9 
rT42 VII I H4 ------ - L120.0 --) 13.3 
-"-'---I 
- 
~6 I B2 32.4 -17.3 
T12 I11 B4 32.4 15 9 
~ 4 3  VIII H4 120.0 13.3 
, T7 I B2 32.4 -13.3 
T13 I11 B4 32.4 15.9 
~ 3 8  VI: H2 120.0 -15 9 
~ 4 4  VII I H 4 120.0 13.3 
- - -. -- 
TABLE I.- THERMOCOUPLE LOCATlON - 
(b) RSI t i l e  gap ( 2  = 1.59cm) 
Border gap, row A 
Subpanel gap, row E 
-1 
Border gap, row I I 
Border gap, row 1 I 
Porder gap, row 5 I 
Interior gaps I 
I I 1 T-- V D3 I - 1 . 3  
-rVI I D4 4 13.3 T40 VII I H3 120.0 - 1.3 
TABLE I. - THERVOCOUPLE LOCATIONS - Concluded 
(c ! Substructure 
Thermocouple No. X, cm 1 I Y, cm 
Beryllium subpanel skin ( z = 3.50 cm) 
I Titanium frame ( z = 6.78 cm) 
Titanium frase ( z  = 12.6 cm) 
-- - - -  
Aluminum base plate ( 2 = 12.7 cm) 
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TABLE I11 - MODE I PMH. TEMPERATURES ( K )  AT t ' 1100 8. 
(a) RSI tile 1 
Thermo- T e s t  No. 
couple 1 , 1 1 14 1 16 17 18 19 20 
z = 0 (surface) 
I TABLE 111.- MODE I PANEL TEMPERATURES ( K )  AT t ilOO e -Canthued (b) RSI t i l e  gap (z = 1.59 cm) I 
Thermo - 1 Test No. 
I Border gap, row A I 
couple 
No. 
Subpanel gap, r c ~  E 
I Border gap, row I I 
7 I 9 13 
I Border gap, row 1 I 
I Border gap, row 5 I 
14 
I n t e r i o r  gaps I 
16 17 18 19 20 
? - --- -.. .---- 
TAB18 I 11. - MODE I PANEL TPIPERATURES ( K ) AT t * 11 00 s - Conc luded 
(c) Substructures 1 
couple 1 m ~ ~ - } T - I ~ ~  .- ----. ---. -I*TpTTl -- -.- 
I Beryllium subpanel skin ( 2  = 3.50 cm) I 
1 Titanium frame ( z  = 6.78 cm) I 
I Titanium frame ( z  = 12.6 cm) I 
! Aluminum base plate ( z  = 12.7 cm) 
TABLE IV. - MODE 111 PANEL TEMPERATURES (K) AT + = 1100 s 
(a) RSI tile 
I 
z = 0 (surface) I 
I 
Thermo- 
couple 
No. 
I -- --- 
15 22 
I 
Tes t  No. 
8 10 I 11 12 1 1 I 
TABLE IV, - MODE I11 PANEL TRE'EZUTURES (K) AT t 
(b) RSI tile gap ( z = 1.59 cm) 
L 
kherno- T e s t  80, 
couple 
No. 8 I 10 11 ! 12 I 15 1 22 
C 
I Border gap, row A I 
I Subpanel gap, row E 
I Bmder gap, row I 
I Border gap, row 1 
1 Bord~r gap, ro;. 5 
i I 
I n h z i o r  gaps I 
TABLE IV. - MODE I11 PANEL T E M P E R A F ~  (K ) AT t : 1100 s - Concluded 
( c )  Substructure 
~hermo- 1 Test No. I 
couple 1- - 
No. 1 8 1-T-r 1.1 -Fly 15 I 22 
- - 
Beryllium subpanel skin ( z  = 3.50 cm) I 
Titanium frame ( z = 6.78 cm) 
Titanium frame ( z  = 12.6 cm) I 
Aluminum frame ( z  = 12.7 cm) I 
TABLE V. - PAllEL TEMPERATURES (K) UTlD 
FOR MODE I1 AND 40 e OF AERODYNAMIC HEATING WR MODE I11 
(a) FSI tile 
: I I T-4 Test no. I 
I z = 0 (surface) I 
couple 
no. 3 5 16 8 I 10 I 11 --b~- I 15 22 23 
I - 
TABLE V. - PANEL TEMPERATURES (K) AFTER 30 s OF AERODYNAMIC HEflldG 
FOR MODE I1 AND 40 s OF AERODYNAMIC hEATING FOR MODE I11 - Continued 
(b) RSI t i l e  gap ( z  = 1.59 cm) 
---.- ----. - 
Thermo- 
c m p l e  Test no. 
- 7 7 - 5  .-- 7- i-[sXo 111 I 12 Ti-1 , .A 
I Border gap, row A I 
Subpanel gap, row E 
-1 991 I 904 606 - 
1423 '1351 120C 
1286 1292 U89 
9e4 773 569 
I Border gap, row 1 I 
I 
! Border gap, row 5 I 
TABLE V. - PANEL TEMPERATURES (K) AFTER 30 s OF AERODYNAMIC HEATING 
F'OR MODE I1 AND 40 s OF AE. 3IjYNAMIC HEATING FOR MODE 111 - Concluded 
( c )  Substructure 
I ~hermo-1 Test no. 
I Beryllium subpanel skin ( z = 3.50 cm) 
couple 
no. 
T i t a n i u m  frame ( z = 12.6 cm) 
- 
3 1 5  1 6  1 8  10 11 12 1 1 5  1-
Aluminum base plate ( z = 12.7 cm) 











L Radiant heating 
Hold 4 Controlled- natu  a1 I 
c 
(a) Radmnt heating (Mode I). 
6 
(b) Aerodynamic heating (Mode 11). 
(c) Radiant heating and aerodynamic heating (Mode 111). 
Figure 10:- Typical surface temperature history test modes. 
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(a) Mode II (teat 5) 
Figure 11.- Typical thermal retrponee of pmol to aerodgaamfc hmk@r. 
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(b) Aerodynamic heating (t = 1215 s) 
Figure 12.- Typical temperatures (K) for mode 111 test (test 8). 
Row A B C D E F G H I 
P 
Ap, kPa Test 
,++Ti+- 
Closed 1 0.7 1 22 
Tile surface 
temperature 
I ,  Figure 13.- Effects of differential pressure on gap and substructure temperature along 1 
row 5 after 40 s of aerodynamic heating. ?I ;r 
I! 
1000 T - L e  temper surface at ur
Figure 14.- Effects of differential pressure on subpanel gap and substructure 1 L 
I temperature along row E after 40 8 of aerodynamic heating. . ., 
i 
Row 1 2 3 4 5 
Row G (x - 105.4 cm) 
I Sym.) Ap, kPa , Test 
Tile surface 
temperature 
Open 
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Figure 15.- Effects of differential pressure on interior ga), and substructure f 
L 
temperature along row G after 40 a of aerodynamic heating. 
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